Many extant studies proposed various stabilizing control methods for humanoids during the stance phase while hopping and running. Although these methods contribute to stability during hopping and running, humanoid robots do not swing their legs rapidly during the flight phase to prevent rotation in the yaw direction. Humans utilize their torsos and arms when running to compensate for the angular momentum in the yaw direction generated by leg movement during the flight phase. In this study, we developed an angular momentum control method based on human motion for a humanoid upper body. The method involves calculation of the angular momentum generated by the movement of the humanoid legs and calculation of the torso and arm motions required to compensate for the angular momentum of the legs in the yaw direction. We also developed a humanoid upper-body mechanism having human link length and mass properties, using carbon-fiber-reinforced plastic and a symmetric structure for generating large angular momentum. The humanoid robot developed in this study could generate almost the same angular momentum as that of a human. Furthermore, when suspended in midair, the humanoid robot achieved angular momentum compensation in the yaw direction.
Introduction
Humanoid robots are expected to be useful in various environments where people live. The reason for this is that humanoid robots, which are close to humans in behavior and functionality, are easy to adapt to the living environment designed for human beings. In addition, while other robots have only a few controllable joints, humanoid robots have more than 20 joints and can negotiate various scenarios. Locomotion is necessary to work in various situations, and so far, many studies have been performed on stable walking motion generation techniques. In recent years, running, which is a movement mode including the flight phase with a faster moving speed compared to walking, has also attracted attention, and research is being advanced on running motion generation methods to improve the movement ability of a humanoid robot. Raibert et al. developed a running robot with a single linear leg [1] . The bipedal robot ATRIAS has a four-bar leg mechanism that includes a series of elastic springs [2, 3] . Hyon et al. developed a biologically inspired robot based on a dog-leg model [4] . However, these robots do not have a human-like structure. Some studies have shown that bipedal humanoid robots can run [5] [6] [7] [8] [9] . For example, the Advanced Step in Innovative MObility (ASIMO) humanoid robot, which was designed and developed by Honda, can run at a speed of 2.5 m/s [10] . Toyota's bipedal humanoid robot can run using a zero-moment-point (ZMP)-based running control system [11] . The athlete robot developed by Niiyama et al. has a human-like musculoskeletal system built to execute dynamic motions, such as running [12] . The bipedal robot MABEL, developed by researchers at the University of Michigan, has leg elasticity that originates from a leaf spring. It is the fastest-running of all currently available bipedal robots, having achieved a speed of 3 m/s with axial constraints on the y-axis [13] .
However, present humanoid robots cannot run as fast and stably as human beings, who can run at speeds ranging between 2 m/s and 13 m/s. The reason that ordinary humanoid robots cannot run as fast and stably as humans because they require both a large power output for kicking the ground and various stabilization control methods. In general, to increase the power output, actuators having large power output capacity are required. However, high power actuators are heavy and their use in the humanoid robots renders the robots heavy. Moreover, the actuators require higher power. Therefore, it is difficult to design humanoid robots that can achieve high power output and are light enough to jump. Ordinary humanoid robots can attain a power output of approximately 3.5 W/kg for the joints in the leg; however, humans generate around 16.7 W/kg in leg joints while running [14] . In addition, various stabilization control methods such as considering the center of mass position, landing point, ground reaction force, and linear and angular momentum, are needed for stable running. However, present running stabilization methods do not consider motion during the flight phase. For example, several studies on running control have used the spring-loaded inverted pendulum (SLIP) model [15] [16] [17] . This simple model does not consider the mass of the legs, which generates angular momentum by leg swinging [18] . However, a humanoid that can perform human-like fast lower-leg swinging, generates large angular momentum during the flight phase, especially in the yaw direction. Some studies considered the angular momentum of the entire body; however, they focused mainly on only stance-phase movement [19, 20] . Thus, in these studies, humanoids could run slowly without leg swing during the flight phase to decrease the angular momentum generated by leg motion. Therefore, the humanoid requires a method to compensate for angular momentum during the flight phase for high speed running.
For fast and stable running, various characteristics of human running have been identified in studies on human sciences and sport sciences, including the following:
•
The stance leg acts like a linear spring. A human leg can be modeled as a SLIP model.
The knee and ankle joints in the stance leg serve as torsion springs that provide leg elasticity and the ability to kick the ground strongly [21, 22] .
The leg and joint stiffness change depending on the running speed [23] .
• Rapid knee bending occurs in the swing phase to avoid contact of the foot with the ground [24] .
The pelvis rotates in the frontal plane to increase the jumping force [25] .
• Moment compensation is accomplished using torso and arm swinging in yaw direction [26, 27] .
We are working to develop a robot that can run like a human by mimicking the above characteristics. Previously, we developed a lower-body robot that mimics human characteristics, such as leg joint stiffness and pelvic rotations in the frontal plane and can hop with a large joint output of approximately 1000 W by not dissipating the energy at landing but storing the energy in its elastic parts [25, 28, 29] . In addition, the lower-body robot has the human link length and mass properties, such as the mass, center-of-mass (COM) position in the link, and inertial matrix of each link. The reason for this is that link length and mass properties would result in angular momentum. The currently available humanoid robots do not have human like link lengths or mass properties. These humanoid robots are presumed to have been developed with a focus on walking, which is a movement slower than running. When the angular velocities of joints are not very large, the angular momentum generated is not large and has little influence on the whole-body motion. Some researchers are interested in methods of generating stable motion during the stance phase. Sugihara et al. are developing stable control based on the momentum as a norm during walking exercises [30] . Hyon et al. investigated a back-handspring motion with a multi-link robot and proposed motion planning considering global physical quantities such as the center of mass or angular momentum during the stance phase [31] . On the other hand, during the flight phase, the angular momentum of the whole body of the robot cannot be modified. The upper body and legs are connected to the waist, where the movement of legs and an upper body are generated. It means that when the robot swings only its legs without active moving of the upper body joints during the flight phase, the waist and upper body rotate in yaw direction due to the angular momentum generated by the legs movement. As a result, when the direction of the waist deviates from the traveling direction, the robot cannot perform straight running. To solve it, humans move their upper body actively including arms for generating the angular momentum in opposite direction from that generated by the legs movement [26, 27] .
In this study, our focus is on the flight phase that occurs during the hopping or running motion of a robot, and we aimed to prevent rotation of the waist by aggressively generating angular momentum with the upper body equivalent to that generated by the legs during the flight phase. To this end, we propose an angular momentum compensation control method that uses the arms and torso inspired by the mechanisms of human running. Moreover, to realize the proposed method with a real humanoid, we developed an upper-body mechanism to mimic human link lengths and mass properties. We performed experiments with the robot that we developed to evaluate the proposed methods. We confirmed that the humanoid robot could compensate for the angular momentum in the yaw direction that is generated by lower-body movement in midair.
The remainder of this paper is organized as follows. In Section 2, we describe the proposed method for compensating for angular momentum in the yaw direction and the design of the upper-body mechanism that mimics the human mass properties. In Section 3, we present the experimental results. In Section 4, we present a discussion. Finally, in Section 5, we present our conclusions.
Angular Momentum Compensation

Requirements for Angular Momentum Compensation
We identified the characteristics of upper-body movement of human running on the basis of previous research in human and sport sciences, and we based our determination of the requirements for a control method and an upper-body mechanism on these characteristics. Table 1 summarizes the characteristics we identified. Humans utilize the torso and arms to compensate for angular momentum in the yaw direction generated by the movement of the lower body during the flight phase, during which the human is not in contact with the ground [26] . Here, the trunk refers to the parts higher than the lumbar vertebrae, and the trunk joints refer to the virtual joint between the trunk and the lumbar vertebrae, which consolidates the complex movements of the spine. Rapid leg swinging during the flight phase is responsible for the large angular momentum produced. To compensate for the large angular momentum, both the torso yaw joint and the shoulder pitch joints swing. The shoulder pitch joints swing widely and rapidly because of the inertial moment of the arms in the yaw direction. Most of that upper-body movement is in the yaw direction. In addition, the shoulder roll and yaw joints can change arm postures. A human extends his/her elbow joints according to his/her running speed [27] . The elbow joints can be used to adjust the inertial moment of the arms when large angular momentum is generated by quick lower-body movements. Therefore, we determined that the requisite joint motions of the upper-body mechanism are the three torso joint motions (pitch, roll, and yaw), the three shoulder joint motions (pitch, roll and yaw), and one elbow joint motion inspired by the human configuration. Changing the position of the center of mass and moment of inertia of the arm Furthermore, we determined the requirements for the link lengths and mass properties of the upper-body mechanism based on human data [32, 33] (see Tables 2 and 3 ; note that in the tables, S.D. means the standard deviation). In Table 3 , the moment of inertia is with respect to the center of mass position of each link. These parameters influence the angular momentum; however, ordinary humanoid robots have very light arms so as to decrease the required output power of the leg joint, and thereby cannot generate the large angular momentum to compensate that generated by the leg. Therefore, we assumed that employing human-like parameters would be useful to utilize the human-inspired angular momentum compensation method. The requirements of the total mass and total height are 60 kg and 1600 mm based on human data [33] . In addition, we determined the requirements of the joints. The requirements for the movable angles of the joints were determined based on those of a human [34] . The angular velocity was determined based on human running data obtained in our previous research [25] . The torque was calculated from the angular velocity and mass properties of each link. These requirements are listed in Table 4 . 
Upper-Body Control Method Based on Angular Momentum
We developed an angular momentum compensation method inspired by humans. In this method, the upper body, including the torso and arms, is controlled to compensate for the angular momentum generated by the movement of the legs during the flight phase. By using both torso and arms, the upper body can generate large angular momentum. In this paper, we present all vectors of position, angular velocity, linear momentum and angular momentum, and all rotation matrices in the Cartesian frame fixed on the ground. The inertia matrix is basically with respect to the center of mass position of the link presented in the Cartesian frame fixed on the ground. The process of the proposed method consists of four steps:
(1) Selection of an angular momentum reference for a waist of the robot; (2) Calculation of the angular momentum generated by legs movement; (3) Calculation of the angular momentum that needs to be generated by movement of the torso and arms; (4) Generation of movement of each upper-body joint.
The angular momentum of the waist is first determined, based on if rotation in the yaw direction is needed. The angular momentum reference of the waist L waist_target should be 0 kgm 2 /s to perform straight running motion. Second, the angular momentum generated by leg movement is determined. The legs are controlled with controllers for running. In our previous studies, the controller decided a landing position and swung the legs to achieve the desired landing. When the leg movement is different, the angular momentum generated by the legs also changes. The legs' angular momentum L legs is described by the following equation, considering the angular momentum of each link.
where, L i is the angular momentum of the i th link, which is generally calculated as shown in Equation (2) [19] .
where, c i is the COM position of the i th link, P i is the linear momentum of the i th link, R i is the rotation matrix of the i th link, I i is the inertia matrix of the i th link with respect to the COM position of the link, and ω i is the angular velocity of the i th link. The inertia matrices are known as the designed parameters including the moment of inertia and products of inertia. The rotation matrix and the angular velocity are measured by the joint angle sensors implemented in the robot, and the linear momentum is calculated with mass and the COM position.
In the third step of the process, the angular momentum reference of the upper body L upperbody_target is calculated from the angular momentum of the whole body at take-off L all and the angular momentum L legs generated by the leg movement. By the same method for the calculation of the angular momentum L legs generated by the legs, the angular momentum of the whole body L all is calculated at take-off because it does not change during the flight phase.
The angular momentum reference of the upper body is divided into torso and arms components for compensation in the yaw direction. L trunk_target and L arms_target are the references of angular momentums generated by the movements of the torso and arms, respectively. The arm movement contribution is represented with gain K as shown in Equations (4) and (5).
The gain should be determined by the desired motion and the capacity of generating the angular momentum by each part of the robot. For stable running, both the trunk and arms should be used for generating large angular momentum. When the robot has very light arms and cannot generate angular momentum with arms, the gain should be lower.
Finally, the movements of the joints are determined. To generate L trunk_target and L arms_target , the robot controls its trunk and shoulder joints. The joint angular velocity reference of each joint is calculated using Equations (6)-(8).
where, c right_arm and c upperbody are the COM positions of the right arm and the upper body, respectively. P right_arm and P upperbody are the linear momentum of the right arm and the upper body, respectively. R right_arm and R upperbody are the rotation matrices of the right arm and the upper body, respectively. I right_arm and I upperbody are the inertial matrices of the right arm and the upper body with respect to the COM position of each part, respectively. The left and right shoulder joint motions are symmetrical with respect to the center. Using this method, the joints of the torso and arms are controlled so that the angular momentum of the waist in the yaw direction is kept close to zero. The method will be used for various humanoid robots by changing the arm movement gain according to the capacity of generating the angular momentum by each part of the robot.
Design of the Upper-Body Mechanism
To fulfill the above requirements of an upper-body robot mechanism, we developed an upper-body mechanism that has human-like mass properties and can perform the motions observed during human running (see Figure 1 ). Some studies have been conducted using humanoid robots with upper-body mechanisms [7, 10, 11, 35] , but it is difficult to achieve human-like size, mass properties and motion. The reason for this is that human-like motion requires a high-power output, but high-power actuators are too heavy to mimic a human mass properties. For example, the mass of the upper arm of a human may be 1600 g. Three actuators are required in the upper arm for the shoulder and elbow joints. However, the mass of each actuator, including the gear, is approximately 400 g. We considered the use of brushless direct-current (DC) motors as actuators, because they are small and light and can output high power. Based on the upper body motion during human running shown in Table 4 , the maximum joint power of the shoulder pitch and trunk joints is around 150 W, and that of other joints is even smaller. Implementation of such actuators requires that the mass of the other parts, such as the frames connecting each joint and the electric parts, be less than 400 g. We must save the weight of frames; however, the frames must bear the load derived from large angular momentum for preventing yaw rotation. Therefore, we considered the material properties required for the structural members of the humanoid robot to best mimic the size and mass properties of a human. Aluminum is typically used for the structural members of a robot. The structure of the upper body of most humanoid robots are exoskeleton structures, wherein the frame shapes the body, and every component, such as motors and electrical parts, is stored in the frame. It is difficult to save the weight of the upper body because the amount of aluminum parts for shaping the body are increased. For weight saving in the links, we used carbon-fiber-reinforced plastic (CFRP), which is extremely strong yet also light. The density of CFRP (1.5 g/cm 3 ) is much lower than that of aluminum (2.7 g/cm 3 ). CFRP pipes were used in the center of each link, similar to the inner skeleton structure based on the human structure, with actuators, motor controllers and cables placed around the pipes (see Figures 2 and 3 ). In the torso link, a large twisting moment is loaded for generating angular momentum in yaw direction. To stand the twisting moment, two pipes were implemented instead of one big pipe (Figure 3) . Consequently, the size of each link was close to that of a human's, and the mass of each link was approximately 11% less than if it were made of aluminum. Therefore, we considered the material properties required for the structural members of the humanoid robot to best mimic the size and mass properties of a human. Aluminum is typically used for the structural members of a robot. The structure of the upper body of most humanoid robots are exoskeleton structures, wherein the frame shapes the body, and every component, such as motors and electrical parts, is stored in the frame. It is difficult to save the weight of the upper body because the amount of aluminum parts for shaping the body are increased. For weight saving in the links, we used carbon-fiber-reinforced plastic (CFRP), which is extremely strong yet also light. The density of CFRP (1.5 g/cm 3 ) is much lower than that of aluminum (2.7 g/cm 3 ). CFRP pipes were used in the center of each link, similar to the inner skeleton structure based on the human structure, with actuators, motor controllers and cables placed around the pipes (see Figures 2 and 3 ). In the torso link, a large twisting moment is loaded for generating angular momentum in yaw direction. To stand the twisting moment, two pipes were implemented instead of one big pipe (Figure 3) . Consequently, the size of each link was close to that of a human's, and the mass of each link was approximately 11% less than if it were made of aluminum. Therefore, we considered the material properties required for the structural members of the humanoid robot to best mimic the size and mass properties of a human. Aluminum is typically used for the structural members of a robot. The structure of the upper body of most humanoid robots are exoskeleton structures, wherein the frame shapes the body, and every component, such as motors and electrical parts, is stored in the frame. It is difficult to save the weight of the upper body because the amount of aluminum parts for shaping the body are increased. For weight saving in the links, we used carbon-fiber-reinforced plastic (CFRP), which is extremely strong yet also light. The density of CFRP (1.5 g/cm 3 ) is much lower than that of aluminum (2.7 g/cm 3 ). CFRP pipes were used in the center of each link, similar to the inner skeleton structure based on the human structure, with actuators, motor controllers and cables placed around the pipes (see Figures 2 and 3 ). In the torso link, a large twisting moment is loaded for generating angular momentum in yaw direction. To stand the twisting moment, two pipes were implemented instead of one big pipe (Figure 3) . Consequently, the size of each link was close to that of a human's, and the mass of each link was approximately 11% less than if it were made of aluminum. Achieving a human-like COM position and inertial moment requires axial symmetry of the structure of the torso. Some humanoids have a torso mechanism actuated by a motor and a gear implemented on only one side (see Figure 4a ). In this type of mechanism, the COM position of the torso is inclined from the center in the frontal plane and is thus different from that of a human. It therefore produces an angular momentum that is different from that of a human. A humanoid robot developed using this type of mechanism cannot mimic human-like motion by generating the same angular momentum. A counterweight can be used to shift the COM position, but the total mass of the mechanism may still be too large compared with that of a human. To solve this problem, we implemented a symmetrical joint mechanism with two of the same actuators and gears (see Figure 4b) . The COM position was thus shifted to the center of the torso, as in a human. With two actuators in parallel, each actuator and gear required less power when only one actuator was used, which made it possible to decrease the size and weight of the actuator. As a result, the mass of the mechanism was decreased by approximately 550 g compared to that associated with using a counterweight. The weight of each part of the upper-body mechanism could therefore be decreased. Thus, the weight could be freely distributed, and the COM position could be regulated more easily. We combined the upper body developed as described above with the lower body to produce a whole-body humanoid (see Figure 5 ). The humanoid has 22 degrees-of-freedom (DOF) in total. The brushless DC motors which can output 200 W are implemented in the joints which needs large output such as the shoulder pitch, trunk, hip pitch, and knee joints. On the other hand, the smaller motors which can output 100 W are implemented in other joints. The specifications of the upper body for the Achieving a human-like COM position and inertial moment requires axial symmetry of the structure of the torso. Some humanoids have a torso mechanism actuated by a motor and a gear implemented on only one side (see Figure 4a) . In this type of mechanism, the COM position of the torso is inclined from the center in the frontal plane and is thus different from that of a human. It therefore produces an angular momentum that is different from that of a human. A humanoid robot developed using this type of mechanism cannot mimic human-like motion by generating the same angular momentum. A counterweight can be used to shift the COM position, but the total mass of the mechanism may still be too large compared with that of a human. To solve this problem, we implemented a symmetrical joint mechanism with two of the same actuators and gears (see Figure 4b ). The COM position was thus shifted to the center of the torso, as in a human. With two actuators in parallel, each actuator and gear required less power when only one actuator was used, which made it possible to decrease the size and weight of the actuator. As a result, the mass of the mechanism was decreased by approximately 550 g compared to that associated with using a counterweight. The weight of each part of the upper-body mechanism could therefore be decreased. Thus, the weight could be freely distributed, and the COM position could be regulated more easily. Achieving a human-like COM position and inertial moment requires axial symmetry of the structure of the torso. Some humanoids have a torso mechanism actuated by a motor and a gear implemented on only one side (see Figure 4a) . In this type of mechanism, the COM position of the torso is inclined from the center in the frontal plane and is thus different from that of a human. It therefore produces an angular momentum that is different from that of a human. A humanoid robot developed using this type of mechanism cannot mimic human-like motion by generating the same angular momentum. A counterweight can be used to shift the COM position, but the total mass of the mechanism may still be too large compared with that of a human. To solve this problem, we implemented a symmetrical joint mechanism with two of the same actuators and gears (see Figure 4b) . The COM position was thus shifted to the center of the torso, as in a human. With two actuators in parallel, each actuator and gear required less power when only one actuator was used, which made it possible to decrease the size and weight of the actuator. As a result, the mass of the mechanism was decreased by approximately 550 g compared to that associated with using a counterweight. The weight of each part of the upper-body mechanism could therefore be decreased. Thus, the weight could be freely distributed, and the COM position could be regulated more easily. We combined the upper body developed as described above with the lower body to produce a whole-body humanoid (see Figure 5 ). The humanoid has 22 degrees-of-freedom (DOF) in total. The brushless DC motors which can output 200 W are implemented in the joints which needs large output such as the shoulder pitch, trunk, hip pitch, and knee joints. On the other hand, the smaller motors which can output 100 W are implemented in other joints. The specifications of the upper body for the We combined the upper body developed as described above with the lower body to produce a whole-body humanoid (see Figure 5 ). The humanoid has 22 degrees-of-freedom (DOF) in total. The brushless DC motors which can output 200 W are implemented in the joints which needs large output such as the shoulder pitch, trunk, hip pitch, and knee joints. On the other hand, the smaller motors which can output 100 W are implemented in other joints. The specifications of the upper body for the link length and mass properties are listed in Tables 5 and 6 . The parameter values of the humanoid mimic those of a human in almost every respect. The mass of the humanoid is 60 kg, and the height is 1500 mm. In the case of a human, the COM position of the whole body is located near the pelvis, the height of which is approximately 56% of the standing body height [36] . The robot mimics the whole-body COM position by mimicking the link length, mass, and COM position of each link.
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(a) (b) Figure 5 . Whole-body running robot. The blue joint is the roll axis, the red joint is the pitch axis, and the yellow joint is the yaw axis. In the knee and ankle joints, a variable joint stiffness mechanism is implemented for storing jumping energy. (a) Humanoid robot; (b) DOF (degrees-of-freedom) configuration. 
Experiments and Results
We performed two experiments to verify the capacity of generating angular momentum of the upper body and the effectiveness of the developed control method.
Verification of Active Generation of Angular Momentum as Large as that of a Human
We conducted an experiment using the humanoid upper body developed in this study to evaluate its capability to generate large angular momentum with human-like motion. We implemented the upper body on a six-axis force sensor for measuring the moment which the upper body applies to the lower part such as the waist of the robot. We calculated the angular momentum generated by the upper body of the robot integrating the moment data measured by the six-axis force sensor. The motion of the upper body was the same as that of human running motion obtained in our previous research [25] . The motion of each joint of human can be expressed as an approximate sine wave as Equation (9). 
Experiments and Results
Verification of Active Generation of Angular Momentum as Large as that of a Human
We conducted an experiment using the humanoid upper body developed in this study to evaluate its capability to generate large angular momentum with human-like motion. We implemented the upper body on a six-axis force sensor for measuring the moment which the upper body applies to the lower part such as the waist of the robot. We calculated the angular momentum generated by the upper body of the robot integrating the moment data measured by the six-axis force sensor. The motion of the upper body was the same as that of human running motion obtained in our previous research [25] . The motion of each joint of human can be expressed as an approximate sine wave as Equation (9).
where, θ JOI NT_I N ITI AL is the initial joint angle, A JOI NT is the amplitude of the joint motion, ω is the natural frequency of the joint motion, and t is the elapsed time from the start of the experiment. Therefore, we determined the motion of the upper body of the robot as Equation (9). The experimental parameters and their value of each joint are listed in Table 7 . Moreover, we calculated the angular momentum generated by the human upper body and the simulation model with a 300 g lighter forearm at the same motion for evaluating the influence of the difference of the weight of the link on the generated angular momentum. After that, we compared the angular momentum generated by the upper body of the developed robot with that of human. The angular momentum of a human's upper body was calculated with the human motion data and body parameters in Tables 2 and 3.  Table 8 summarizes the results for angular momentum generated in the experiment, in simulation, and in human running. The results confirm that the upper-body mechanism developed in this study can generate angular momentum as large as in human motion. In addition, we calculated the angular momentum in the yaw direction with the upper-body model, which has a forearm 300 g lighter than a robot forearm. The maximum angular momentum generated with the upper-body model was 1.7 kgm 2 /s. On the other hand, a maximum angular momentum of 1.5 kgm 2 /s was generated with the lighter forearm model. The total weight of the lighter forearm model decreased by only 2.3%; however, the angular momentum in the yaw direction decreased by 12%. We confirmed the developed upper body can be used for active angular momentum control as human. 
Angular Momentum Compensation in the Yaw Direction
We conducted an experiment to evaluate how effectively the humanoid could compensate for the angular momentum generated by the leg motion during the flight phase. In this experiment, the humanoid was suspended in midair to perform running motion during the flight phase without any constraint in the yaw direction. The lower-body joints were controlled according to the joint angle references based on the human motion data [25] . We verified the humanoid turning angles in the yaw direction depends on whether control is provided, which depended on the angular momentum in the yaw direction. We measured the turning angle of the waist in the yaw direction using a motion capture system that included infrared cameras used to determine three-dimensional marker positions at 120 Hz. Spherical retro-reflective markers were attached to the surface of the waist parts of the humanoid near the COM of the whole body. The motion capture system calculated the segment attitude using the position data for some of the markers. When angular momentum compensation was not employed, each joint of the upper body maintained a neutral position. When angular momentum compensation was employed, the angular momentum generated by the leg motion was calculated, and the upper body moved to compensate for the angular momentum actively. The ratios of the arms contribution and trunk contribution were determined to be 0.8 and 0.2, respectively, based on the human running data [26] in which the angular momentum generated by the arms was 1.2 kgm 2 /s and that generated by the trunk was 0.3 kgm 2 /s. The lower-body motion of each joint was determined to follow an approximate sine wave as Equation (10), based on the human running data [15] .
where, θ H IP_I N ITI AL is the initial joint angle, A H IP is the amplitude of the joint motion, ω is the natural frequency of the joint motion, and t is the elapsed time from the start of the experiment.
The experimental parameters and their values of joint movements are listed in Table 9 . Figure 6 illustrates the rotation angle of the humanoid waist in the yaw direction. Figure 7 presents photographs of the experiment. When the angular momentum compensation control was not employed, the humanoid rotated approximately 15 deg in the yaw direction. On the other hand, when the control was used, the rotation decreased to approximately 8 deg. The results confirm the effectiveness of the proposed angular momentum compensation control for stabilization in the yaw direction. It was assumed that the friction force in the yaw direction of the hanger influenced the angular momentum because it was small but not zero.
presents photographs of the experiment. When the angular momentum compensation control was not employed, the humanoid rotated approximately 15 deg in the yaw direction. On the other hand, when the control was used, the rotation decreased to approximately 8 deg. The results confirm the effectiveness of the proposed angular momentum compensation control for stabilization in the yaw direction. It was assumed that the friction force in the yaw direction of the hanger influenced the angular momentum because it was small but not zero. 
Discussion
In experiment 2, we could not perform a running experiment with the humanoid developed in this study because more work is required to develop methods for stabilization in the pitch and roll directions. During running, the vertical component of the ground reaction force can be up to 1800 N, which is much larger than the horizontal component of approximately 180 N [37] . Therefore, the ground reaction force influences stabilization in the pitch and roll directions but not in the yaw direction. When the ground reaction force does not act in alignment with the COM of the humanoid, angular momentum is generated and the robot falls. To prevent this situation, some researchers have focused on stabilization in the pitch and roll directions by controlling the ground reaction force [38, 39] . In contrast, in this study, we focused on yaw stabilization using the upper body, because the ground reaction force does not have a large influence on stabilization in the yaw direction.
In this study, we designed an upper-body mechanism that has human-like link length and mass properties to achieve angular momentum compensation in the yaw direction during running. In Figure 7 . Experiment with a real robot. Upper row shows the experiment without angular momentum control. Lower row shows the experiment with angular momentum control. The humanoid was suspended with orange cables connected to a hanger, which could rotate passively in the yaw direction, and did not contact with the ground.
In this study, we designed an upper-body mechanism that has human-like link length and mass properties to achieve angular momentum compensation in the yaw direction during running. In experiment 1, we confirmed that the upper body could generate almost the same angular momentum as a human's upper body during running. In addition, we calculated the angular momentum in the yaw direction with the 300 g lighter forearm. These results indicate that mass parameters have a large influence on the angular momentum generated during running. To achieve angular momentum compensation during running, it is important to incorporate the capacity of generating angular momentum in designing a humanoid robot. The upper body developed in this study was found to be able to perform fast movement as well as a human. This upper body will be useful in future research on effective sports movements such as ball throwing.
We propose in this paper an angular momentum compensation method using a humanoid upper body. This method can be used with other humanoid robots that do not have human-like mass properties. The reason for this is that the robot can calculate the angular momentum required using its mass property data and the control method developed. In addition, the control method can be applied to active turning by changing the angular momentum reference of the waist. In experiment 2, which involved running on a straight course, the angular momentum reference of the waist was set to zero.
In addition, we assume that the proposed method for stabilization in the yaw direction can be applied to stabilization in the pitch and roll directions with a change in the ground reaction force. In general, the upper body has a large mass and moment of inertia, and it can thus generate large angular momentum in the pitch, roll and yaw directions. The angular momentum generated by the ground reaction force can be compensated for by the upper-body motion. When the humanoid cannot effectively use its upper body, the humanoid should generate motion within a range that maintains the stabilization with only its legs and torso. By integrating these methods, the humanoid can perform faster and wider-ranging motions. In future work, we intend to apply the proposed method for stabilization to the pitch and roll directions. In addition, we will utilize the robot in the place of human subjects to confirm various running characteristics.
In summary, we found that the angular momentum compensation in the yaw direction using the upper body during the flight phase can improve the capability of humanoid hopping and running performance. Moreover, the upper body design should focus on the capability of generating angular momentum for rapid movement such as hopping and running. For stable running without constraints, the proposed method should be integrated with other control methods; however, humanoid robots will perform stable and faster motions by using the proposed methods, and the developed upper body will be useful in research about finding effective sport movements such as ball throwing.
Conclusions
In this paper, we propose an angular momentum compensation method to achieve angular momentum compensation in the yaw direction during the flight phase of running. The method is based on the human-running mechanism. To compensate for the angular momentum generated by lower-body movement during the flight phase, the angular momentum compensation method calculates the angular momentum and generates upper-body motion that activates the torso and arms, as in humans. The humanoid robot can thereby change its upper-body motion according to changes that occur in the lower-body motion, such as shifts in running speed. We also developed an upper-body mechanism that has the link and mass parameters similar to that of a human, and that can generate large angular momentum. We evaluated the developed upper body and noted that it could generate large angular momentum similar to that of humans. Furthermore, the minor differences in the link and mass parameters can significantly influence the capacity of generating angular momentum. Moreover, we confirmed that the humanoid robot could compensate for the angular momentum generated by the lower-body movement when the robot was suspended in midair.
The developed control method can contribute to improving the stability of humanoids that can perform dynamic movements including the flight phase, such as jumping, hopping and running. Because most other control methods for stabilization of the dynamic motion of humanoids focus on the stance phase, the developed method will be integrated without interference. However, using the developed control method requires the generation of large angular momentum by the upper body. To do that, the upper body design, which was not focused on in relevant studies, will also be changed to consider the mass, mass position, inertia matrix and link length for generating large angular momentum. Thanks to improved stability, humanoids will be able to advance into human living spaces and work stably.
